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We present a Monte Carlo simulation for the scattering of light in the case of an isotropic light source. The
scattering phase functions are studied particularly in detail to understand how they can affect the multiple
light scattering in the atmosphere. We show that although aerosols are usually in lower density than molecules
in the atmosphere, they can have a non-negligible effect on the atmospheric point spread function. This effect
is especially expected for ground-based detectors when large aerosols are present in the atmosphere.
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1. Introduction
Light coming from an isotropic source is scattered
and/or absorbed by molecules and/or aerosols in the at-
mosphere. In the case of fog or rain, the single light
scattering approximation – when scattered light cannot
be dispersed again to the detector and only direct light is
recorded – is not valid anymore. Thus, the multiple light
scattering – when photons are scattered several times be-
fore being detected – has to be taken into account in the
total signal recorded. Whereas the first phenomenon re-
duces the amount of light arriving at the detector, the
latter increases the spatial blurring of the isotropic light
source. Atmospheric blur occurs especially for long dis-
tances and total optical depths greater than unity. This
effect is well known for light propagation in the atmo-
sphere and has been studied by many authors. A nice
review of relevant findings in this research field can be
read in [1]. Originally, these studies began with satel-
lites imaging Earth where aerosol blur is considered as
the main source of atmospheric blur [2–5]. This effect
is usually called the adjacency effect [6–8] since photons
scattered by aerosols are recorded in pixels adjacent to
where they should be.
The problem of light scattering in the atmosphere has
not analytical solutions. Even if analytical approxima-
tion solutions can be used in some cases [4, 9], Monte
Carlo simulations are usually used to study light propa-
gation in the atmosphere. A multitude of Monte Carlo
simulations have been developed in the past years, all
yielding to similar conclusion: aerosol scattering is the
main contribution to atmospheric blur, atmospheric tur-
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bulence being much less important. A significant source
of atmospheric blur is especially aerosol scatter of light
at near-forward angles [1, 8]. The multiple scattering
of light is affected by the optical thickness of the at-
mosphere, the aerosol size distribution and the aerosol
vertical profile. Whereas many works have studied the
effect of the optical thickness, the aerosol blur is also
very dependent on the aerosol size distribution, and es-
pecially on the corresponding asymmetry parameter of
the aerosol scattering phase function. The purpose of
this work is to better explain the dependence of the
aerosol blur on the aerosol size, and its corresponding
effect on the atmospheric point spread function. In-
deed, as explained previously, aerosol scattering at very
forward angles is a significant source of blur and this
phenomenon is strongly governed by the asymmetry pa-
rameter. Section 2 is a brief introduction of some quan-
tities concerning light scattering, before describing in
detail the Monte Carlo simulation developed for this
work. Section 3 gives a general overview of how scat-
tered photons disperse across space for different atmo-
spheric conditions. Then, in Section 4, we explain how
different atmospheric conditions affect the multiple scat-
tering contribution to the total light arriving at detectors
within a given integration time across all space. This re-
sult is finally applied to the point spread function for a
ground-based detector in Section 5.
2. Modelling and simulation of scattering in the at-
mosphere
Throughout this paper, the scatterers in the atmosphere
will be modelled as non-absorbing spherical particles of
different sizes [10, 11]. Scatterers in the atmosphere
are usually divided into two main types - aerosols and
molecules.
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22.A. The density of scatterers in the atmosphere
The attenuation length (or mean free path) Λ associ-
ated with a given scatterer is related to its density and
is the average distance that a photon travels before being
scattered. For a given number of photons N traveling
across an infinitesimal distance dl, the amount scattered
is given by dN scat = N × dl/Λ. Density and Λ are in-
versely related such that a higher value of Λ is equiva-
lent to a lower density of scatterers in the atmosphere.
Molecules and aerosols have different associated densi-
ties in the atmosphere and are described respectively by
a total attenuation length Λmol and Λaer. The value of
these total attenuation lengths in the atmosphere can be
modelled as horizontally uniform and exponentially in-
creasing with respect to height above ground level hagl.
The total attenuation length for each scatterer popula-
tion is written as{
Λmol(hagl) = Λ0mol exp
[
(hagl + hdet)/H0mol
]
,
Λaer(hagl) = Λ0aer exp
[
hagl/H
0
aer
]
,
(1)
where {Λ0aer, Λ0mol} are multiplicative scale factors,
{H0aer,H0mol} are scale heights associated with aerosols
and molecules, respectively, and hdet is the altitude dif-
ference between ground level and sea level. The US
standard atmospheric model is used to fix typical val-
ues for molecular component: Λ0mol = 14.2 km and
H0mol = 8.0 km [12]. These values are of course slightly
variable with weather conditions [13] but the effect of
molecule concentration on multiply scattered light is not
that of interest in this work. Atmospheric aerosols are
found in lower densities than molecules in the atmo-
sphere and are mostly present only in the first few kilo-
metres above ground level. The aerosol population is
much more variable in time than the molecular as their
presence is dependent on many more factors such as the
wind, rain and pollution [14]. However, the model of
the exponential distribution is usually used to describe
aerosol populations. Only the parameter Λ0aer will be
varied and H0aer is fixed at 1.5 km for the entirety of this
work.
2.B. The different scattering phase functions
A scattering phase function is used to describe the an-
gular distribution of scattered photons. It is typically
written as a normalised probability density function ex-
pressed in units of probability per unit of solid angle.
When integrated over a given solid angle Ω, a scattering
phase function gives the probability of a photon being
scattered with a direction that is within this solid angle
range. Since scattering is always uniform in azimuthal
angle φ for both aerosols and molecules, the scattering
phase function is always written simply as a function of
polar scattering angle ψ.
Molecules are governed by Rayleigh scattering which
can be derived analytically via the approximation that
the electromagnetic field of incident light is constant
across the small size of the particle [12]. The molecular
phase function is written as
Pmol(ψ) =
3
16pi (1 + cos
2 ψ), (2)
where ψ is the polar scattering angle and Pmol the prob-
ability per unit solid angle. The function Pmol is sym-
metric about the point pi/2 and so the probability of a
photon scattering in forward or backward directions is
always equal for molecules.
Atmospheric aerosols typically come in the form of
small particles of dust or droplets found in suspension in
the atmosphere. The angular dependence of scattering
by these particles is less easily described as the electro-
magnetic field of incident light can no longer be approx-
imated as constant over the volume of the particle. Mie
scattering theory [15] offers a solution in the form of an
infinite series for the scattering of non-absorbing spher-
ical objects of any size. The number of terms required
in this infinite series to calculate the scattering phase
function is given in [16], it is far too time consuming
for the Monte Carlo simulations. As such, a parame-
terisation named the Double-Henyey Greenstein (DHG)
phase function [14, 17] is usually used. It is a param-
eterisation valid for various particle types and different
media [18–20]. It is written as
Paer(ψ|g, f) = 1−g
2
4pi
[
1
(1+g2−2g cosψ) 32
+ f
(
3 cos2 ψ−1
2(1+g2)
3
2
)]
(3)
where g is the asymmetry parameter given by 〈cosψ〉
and f the backward scattering correction parameter.
g and f vary in the intervals [−1, 1] and [0, 1], re-
spectively. Most of the atmospheric conditions can be
probed by varying the value of the asymmetry param-
eter g: aerosols (0.2 ≤ g ≤ 0.7), haze (0.7 ≤ g ≤ 0.8),
mist (0.8 ≤ g ≤ 0.85), fog (0.85 ≤ g ≤ 0.9) or rain
(0.9 ≤ g ≤ 1.0) [21]. Changing g from 0.2 to 1.0 in-
creases greatly the probability of scattering in the very
forward direction as it can be observed in Fig. 1(left).
The reader is referred to [22, 23] to see the recently
published work on the relation between g and the mean
radius of an aerosol: a physical interpretation of the
asymmetry parameter g in the DHG phase function is
the mean aerosol size. The parameter f is an extra pa-
rameter acting as a fine tune for the amount of backward
scattering. It will be fixed at 0.4 for the rest of this work.
A joint scattering phase function, weighting the
aerosol and molecular phase functions by the corre-
sponding densities of aerosols and molecules at a given
position in space, gives the scattering phase function as-
sociated with any random scattering event. This joint
scattering phase function can be written as
Pjpf(ψ) =
Paer(ψ)
1 +
(
Λaer
Λmol
) + Pmol(ψ)
1 +
(
Λmol
Λaer
) . (4)
The use of this joint scattering phase function is relevant
in understanding to what degree aerosols and molecules
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Fig. 1. (Color online) Scattering phase function per unit of polar angle Â, and its dependence to atmospheric
conditions. Scattering phase functions are in units of probability per solid angle   as opposed to probability per unit of Â
as necessary to get the probability density function of the polar angle Â. Thus, the scattering phase functions Pmol(Â) and
Paer(Â) have to be multiplied by 2fi sinÂ to remove the solid angle weighting. (left) Paer(Â) plotted for di erent values of g
and fixed f = 0.4 used in the Double Henyey-Greenstein (DHG) phase function and Pmol(Â) for the molecular phase function.
(right) The joint probability phase function weighted by 2fi sin(Â), with di erent ratios of  aer/ mol (g is kept equal to 0.6).
change the overall angular distribution of scattering at
a given point in space. Figure 1(right) displays the joint
scattering phase function for di erent ratios of density
of aerosols and molecules, all for a value of g = 0.6 (typ-
ical value for aerosols in the atmosphere). It shows the
probability of generating a scattering angle Â for di er-
ent ratios of concentration of aerosols and molecules for
a random scattering event that could be either caused by
a molecule or aerosol. It is seen that as  aer / mol de-
creases (i.e. the density of aerosols increases), the high
forward scattering peak associated with the aerosols be-
comes increasingly prominent.
2.C. Monte Carlo code description
This Monte Carlo simulation code traces the paths of
photons in the atmosphere between their isotropic source
and a detector, accounting for changes in their vector
position and their probability for having been attenu-
ated. An isotropic light source is simulated by creating
N photons with the same initial position and isotropi-
cally distributed initial directions. To achieve isotropy
in the initial directions, the azimuthal angle „ is gen-
erated randomly in the interval [0, 2fi[ and the polar
angle ◊ by ◊ = cos≠1(R) with R randomly generated
in the interval [≠1, 1[. The formula ◊ = cos≠1(R) ac-
counts for the weighting of the solid angle at a given ◊
equal to d(cos ◊). Photons are then propagated through
a given distance D. The step length dl = c ◊ dt used
in the program is set as dl = D/1000. A photon is ran-
domly scattered by an aerosol, molecule or not at all
in accordance with the probabilities dl/ aer, dl/ mol or
1≠ dl/ aer ≠ dl/ mol, respectively. Having located the
site of a scattering, scatterer type is chosen on the ba-
sis of the relative contribution of each scattering types
at this point. Scattering in the azimuthal angle „ is
isotropic for both types. In contrast, as explained in the
previous subsection, scattering in the polar angle Â is de-
pendent on the scattering phase function involved: the
Rayleigh and the Double Henyey-Greenstein scattering
phase functions are used for molecular and aerosol scat-
tering events, respectively. Finally, the polar coordinates
relative to the source’s initial position {rrel, ◊rel,„rel} are
used to store the position of all scattered photons at the
end of each simulation.
A horizontally uniform density distribution for
aerosols and molecules is assumed for the vertical profile
of the atmosphere. Thus, using isotropy in azimuthal
scattering angle „ for all scattering phase functions, a
symmetry in the distribution of „rel for all scattered pho-
tons should be found for a su ciently high number of
initial photons. The isotropy in „rel means that any data
found at a constant {rrel, ◊rel} is the same for all values
of „rel[0, 2fi[. Thus, all information given on the 3-D dis-
tribution in space can be given in terms of rrel and ◊rel
only. The present work does not investigate the e ect of
a change of the vertical distribution of aerosols (i.e. ex-
ponential shape and vertical aerosol scale H0aer), nor the
e ect of overlying cirrus clouds or aerosol layers on the
Fig. 1. (Color online) Scattering phase function per unit of polar angle ψ, and its dependence to atmospheric
conditions. Scattering phase functions are in units of probability per solid angle Ω as opposed to probability per unit of ψ
as necessary to get the probability density function of the polar angle ψ. Thus, the scattering phase functions Pmol(ψ) and
Paer(ψ) have to be multiplied by 2pi sinψ to remove the solid angle weighting. (left) Paer(ψ) plotted for different values of g
and fixed f = 0.4 used in the Double Henyey-Greenstein (DHG) phase function and Pmol(ψ) for the molecular phase function.
(right) The joint probability phase function weighted by 2pi sin(ψ), with different ratios of Λaer/Λmol (g is kept equal to 0.6).
change the overall angular distribution of scattering at
a given point in space. Figure 1(right) displays the joint
scattering phase function for different ratios of density
of aerosols and molecules, all for a value of g = 0.6 (typ-
ical value for aerosols in the atmosphere). It shows the
probability of generating a scattering angle ψ for differ-
ent ratios of concentration of aerosols and molecules for
a random scattering event that could be either caused by
a molecule or aerosol. It is seen that as Λaer /Λmol de-
creases (i.e. the density of aerosols increases), the high
forward scattering peak associated with the aerosols be-
comes increasingly rominent.
2.C. Monte Carlo code description
This Monte Carlo simulation ode traces the paths of
p otons i the tmo phere between their isotropic source
and a detector, accounting for changes in their vector
position and their probability for having been attenu-
ated. An isotropic light source is simulated by creating
N photons with the same initial position and isotropi-
cally distributed initial directions. To achieve isotropy
in the initial directions, the azimuthal angle φ is gen-
erated randomly in the interval [0, 2pi[ and the polar
angle θ by θ = cos−1(R) with R randomly generated
in the interval [−1, 1[. The formula θ = cos−1(R) ac-
counts for the weighting of the solid angle at a given θ
equal to d(cos θ). Photons are then propagated through
a given distance D. The step length dl = c × dt used
in the program is set as dl = D/1000. A photon is ran-
domly scattered by an aerosol, molecule or not at all
in accordance with the probabilities dl/Λaer, dl/Λmol or
1 − dl/Λaer − dl/Λmol, respectively. Scattering in the
azimuthal angle φ is isotropic for both types. In con-
trast, as explained in the previous subsection, scatter-
ing in the polar angle ψ is dependent on the scattering
phase function involved: the Rayleigh and the Double
Henyey-Greenstein scattering phase functions are used
for molecular and aerosol scattering events, respectively.
Finally, the polar coordinates relative to the source’s ini-
tial position {rrel, θrel,φrel} are used to store the p sition
of all scattered photons at the d of each simulation.
A horizo ally uniform de sit distribution for
ae osols and molecules is assumed for the ve tical profi e
of the atmosphere. Thus, using i otropy in azimuth l
scattering angle φ for all scattering phase functions, a
symmetry in the distribution of φrel for all scattered pho-
tons should be found for a sufficiently high number of
initial photons. The isotropy in φrel means that any data
found at a constant {rrel, θrel} is the same for all values
of φrel[0, 2pi[. Thus, all information given on the 3-D dis-
tribution in space can be given in terms of rrel and θrel
only. The present work does not investigate the effect of
a change of the vertical distribution of aerosols (i.e. ex-
ponential shape and vertical aerosol scale H0aer), nor the
effect of overlying cirrus clouds or aerosol layers on the
multiple scattered light contribution to direct light. The
next section presents a general overview of how scattered
photons disperse across space for different atmospheric
conditions.
4Fig. 2. (Color online) Relative effect on the density distribution of indirect photons for aerosols and molecules in
a real atmosphere, illustrated by simulations with aerosols and molecules independently and simultaneously
present. (left) An atmosphere consisting of molecules only. (middle) An atmosphere consisting of only aerosols with parameters
{g=0.6, Λ0aer =10 km and H0aer=1.5 km}. (right) An atmosphere consisting simultaneously of both aerosols and molecules with
the same atmospheric conditions.
3. Distribution of scattered photons from an
isotropic source in the atmosphere
The Monte Carlo simulation is used to study the distri-
bution of scattered photons across space for an isotropic
light source. The variable ε is introduced as the fraction
of total energy of the isotropic source in a given his-
togram bin. In this simulation which is for a fixed wave-
length (λ = 350 nm), this is given by the number of pho-
tons in a bin divided by the total number of photons N .
Then, the density per unit volume of the fraction of ini-
tial energy dε/dV (rrel, θrel) is calculated by dividing by
the elemental volume of each bin. The elemental volume
dV of each bin is equal to dV = 2pir2rel sin(θrel)drreldθrel,
where drrel and dθrel are the widths of each bin in
rrel and θrel , respectively. The quantity dε/dV (rrel, θrel)
is such that the total fraction of energy in a given volume
εtotal is given by
εtotal =
∫∫∫ dε
dV r
2
rel sin(θrel)drreldθreldφrel, (5)
where limits of the integral are chosen to represent this
volume. Figure 2 displays the density of indirect pho-
tons (scattered photons) for an isotropic light source at
an initial height of 20 km after a distance of propaga-
tion of 20 km. On each plot, a black semicircle with
radius rdir is drawn to represent the position of direct
(unscattered) photons. At θrel = 0◦ (i.e. positive verti-
cal axis), rrel extends in a direction directly above the
initial source’s position and at θrel = 180◦ (i.e. negative
vertical axis) directly to the ground. Aerosols are less
dense than molecules in a real atmosphere and the object
of this section is to show that this difference in density
means aerosols have a very small effect on the overall dis-
tribution of scattered photons across space. The multi-
plicative scale factor for aerosols is set to Λ0aer = 10 km to
represent a density of aerosols that is higher than likely
to be found in a real atmosphere. Simulations are run
independently for atmospheres of only molecules (left),
only aerosols (middle) and both being simultaneously
present (right). It is directly evident by eye from the
striking similarity between Fig. 2(left) and Fig. 2(right)
that the overall distribution of indirect photons in the
atmosphere is governed by molecules. In spite of the
negligible effect of aerosols on the overall distribution
of indirect photons, their presence should not be forgot-
ten, in particular near to ground level where the ground-
based detectors are located.
This part demonstrates how changing the dominating
scattering phase function and, in particular varying g,
changes the dispersion of scattered photons across space
and time. To make evident the effects, simulations are
run independently for atmospheres of only aerosols and
5Fig. 3. (Color online) Effect of changing the g value on the density distribution of photons propagating from
an isotropic source. Simulations are for atmospheres of only aerosols with Λ0aer = 14.2 km and H0aer= 8 km i.e. an aerosol
density distribution similar to molecules. Results are presented for three different values of g = {0.3, 0.6, 0.9}, left, middle and
right, respectively.
molecules. Atmospheres of only aerosols are given an
unrealistic density distribution set to be the same as
molecules i.e. {Λ0aer = 14.2 km, H0aer= 8.0 km}. The
initial height is 20 km for all isotropic sources and the
distance propagated is D = 20 km. Figure 3 shows
the results for atmospheres of only aerosols with three
different values of g = {0.3, 0.6, 0.9} whilst Fig. 2(left)
shows the equivalent result for an atmosphere consisting
of molecules only. In Fig. 2(left) all scattering events are
governed by the molecular phase function. This gives a
fairly isotropic distribution of the direction of scattered
photons across space. There is no notable accumulation
of indirect photons in any given area other than slightly
before rdir . Contrastly, in Fig. 3, the density distri-
bution of indirect photons across space is much more
anisotropic. The important point made evident through
this figure is that as g increases, more scattered pho-
tons are found close to rdir . Moreover, since the aerosol
density distribution is set to the same values than the
molecular component in Fig. 2(left), this effect can be
purely accredited to the changing scattering phase func-
tions. The explanation of this trend lies in the increasing
anisotropy of the directions of scattered photons for in-
creasing g. For a photon scattered through a scattering
angle ψ, its component of direction along the direction
of direct light is cosψ. As such, for lower values of ψ,
the component of direction along the direction of direct
light is higher. Figure 3 clearly shows that, for higher
values of g, lower scattering angles of ψ are more likely
to be generated and hence explains the increased ac-
cumulation of indirect photons just before rdir . The
next section is devoted to demonstrate that, even in
much smaller proportions than molecules, the high for-
ward scattering peak associated with aerosol scattering
events is important in considering the indirect light sig-
nal recorded by ground-based detectors.
4. Global view of indirect photon contribution to the
total light detected
This section aims to observe how different aerosol con-
ditions, and especially different scattering phase func-
tions, affect the ratio of indirect to direct light arriving
at detectors within a given time interval (or integration
time) tdet across all space. The simulation is used to
propagate photons from an isotropic source for a given
distance D, at which point, values of position are stored
for direct photons only. Indirect photons are then sim-
ulated to propagate for a further amount of time tdet.
Any of these indirect photons crossing the sphere of
direct photons with radius D within the time tdet are
considered detected. With respect to the position in
space that each histogram bin holds data for, the his-
tograms presented in this section have the same format
as in Section 3. However, in this section, each histogram
6Fig. 4. (Color online) Effect of the scattering phase function and the detection time. Simulations are run for sources
of initial height hinit = 10 km and a detection time of tdet = 100 ns for the top panel and tdet = 1000 ns for the bottom panel,
individually for atmospheres of molecules only (left) or aerosols only, g = 0.3 (middle) or g = 0.9 (right). Aerosol density
parameters are {Λ0aer = 25.0 km, H0aer= 1.5 km}. Ray structures are related to a lack of statistics for simulation of scattered
photons.
7bin now represents the ratio of indirect to direct photons
Nindirect/Ndirect detected at the point {rrel , θrel }, within
the interval of time starting when direct photons reach
the point and finishing within a time tdet later.
Simulations here are run separately for atmospheres
of only molecules or aerosols. Density parameters of
{Λ0aer =25.0 km, H0aer=1.5 km} for the aerosol popu-
lation are deliberately chosen such that the effects ob-
served can not be simply accredited to an over-estimated
density of aerosols in the atmosphere. Figure 4(top)
shows results for a detection time of tdet = 100 ns for
atmospheres of molecules only (left) and aerosols only
with values of g = {0.3, 0.9} (middle and right, respec-
tively). For all configurations, there is an increasing ra-
tio of indirect to direct photons observed towards ground
level. This is expected as the amount of direct pho-
tons decreases and indirect photons increases for the in-
creasing concentration of scatterers at lower heights. Of
much greater interest is the fact that at ground level,
Nindirect/Ndirect for aerosols with a high g value is much
greater than Nindirect/Ndirect for molecules (in spite of a
much lower concentration). This directly demonstrates
that, for low detection times, a high value of g has an in-
fluence on the ratio Nindirect/Ndirect that outweighs the
fact that aerosols are at a lower density than molecules.
It can be explained by referring back to Fig. 3, where an
increasing value of g leads to an increasing accumulation
of indirect photons just before the direct photon ring.
However, this amount of scattering by aerosols begins
to become significant enough only at low heights above
ground level. This is an important fact for ground-based
detectors.
Turning attention now to Fig. 4(bottom), the same re-
sults are shown for tdet = 1000 ns. Looking at Fig. 4(top,
right) and Fig. 4(bottom, right), it is evident that the
change in the ratio Nindirect/Ndirect is nearly invisible
when increasing tdet from 100 to 1000 ns for g = 0.9.
This implies that for a very high g value, the total
amount of indirect photons that will ever be detected
are nearly all detected at a very low detection time. Fig-
ure 4(bottom, left) equally shows that molecules begin
to have a more prominent effect than aerosols for greater
detection times. Indeed, in the case of a higher detection
time, a photon being much further from the direct pho-
ton sphere has enough time to reach the sphere and be
detected. In contrast, for a lower detection time, a high
forward scattering peak is necessary for the photons to
be close enough to the direct photons and arrive within
this detection time. It is therefore the relative density
of the scatterers in the atmosphere that bares more in-
fluence on the ratio Nindirect/Ndirect for higher values of
tdet. Hence, taking into account the relative density of
molecules and aerosols in the atmosphere, the multiple
scattering caused by aerosols is not negligible near to
ground level, especially for large values of asymmetry
parameter g and low detection times tdet. The next sec-
tion continues to investigate the effect of changing g and
tdet but for the specific case of a ground-based detector.
5. Atmospheric point spread function for a ground-
based detector
The quantity of multiple scattered light recorded by an
imaging system or telescope is of principal interest, and
especially this contribution as a function of the integra-
tion angle ζ. The angle ζ is defined as the angular devia-
tion in the entry of indirect photons at the detector aper-
ture with respect to direct photons. For direct photons
from an isotropic source, the angle of entry is usually
approximated to be constant as the entry aperture of
the detector is always very small relative to the distance
of the isotropic sources. In contrast, multiply scattered
photons can enter the aperture of the detector at any
deviated angle ζ from the direct light between 0◦ and
90◦. The value ζ for each indirect photon entering the
detector is calculated by considering its deviation from
direct light in elevation and azimuthal angle noted ∆θ
and ∆φ, respectively: ζ = cos−1[cos ∆θ cos ∆φ]. A Tay-
lor expansion of this equation, keeping all terms up to
second order, means that ζ can approximately be writ-
ten as ζ ≈
√
∆θ2 + ∆φ2.
The main problem in simulating indirect light con-
tribution at detectors is obtaining reasonable statistics
within reasonable simulation running times. The root of
the problem is the very small surface area of the detector
relative to the large distances where isotropic sources are
created. The amount of direct photons is calculated an-
alytically by modelling the detector as a point relative to
the initial position of the isotropic source. Thus, all di-
rect photons are considered to follow the same path and
the infinitesimal change in the number of direct photons
dNdirect for an infinitesimal step length dl is then written
as dNdirect = − [Ndirect dl/Λmol(l) +Ndirect dl/Λaer(l)].
The same approach as explained in [24] is used to cut
running times of the simulation for indirect photons.
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Fig. 5. A diagram showing how the detector is simulated
to have an extent of 2pi in azimuthal angle to increase the
amount of statistics retrieved for indirect photons.
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Fig. 6. (Color online) Plots for an isotropic source placed at ◊inc = 3¶, D = 1 km for atmospheres where aerosols
and molecules are simultaneously present. The aerosol concentration and the detection time are kept constant at  0aer =
25 km and tdet = 100 ns, respectively. (left) Percentage of signal due to indirect light for di erent integration angles ’ and
di erent g values. The black line is an exclusive case where only molecules are present. (right) Percentage of the detected
indirect photons that were last scattered at di erent distances from the detector for the three same cases.
within reasonable simulation running times. The root of
the problem is the very small surface area of the detector
relative to the large distances where isotropic sources are
created. The amount of direct photons is calculated an-
alytically by modelling the detector as a point relative to
the initial position of the isotropic source. Thus, all di-
rect photons are considered to follow the same path and
the infinitesimal change in the number of direct photons
dNdirect for an infinitesimal step length dl is then written
as dNdirect = ≠ [Ndirect dl/ mol(l) +Ndirect dl/ aer(l)].
The same approach as explained in [24] is used to cut
running times of the simulation for indirect photons.
The symmetry in the distribution of scatterers in az-
imuthal angle, as explained in Section 2.B, is once again
applied here. This symmetry means that so long as
the detector has the same height and distance from the
source, the azimuthal angle relative to it is unimportant.
As such, the surface area of the detector is increased in
the simulation by extending it through an azimuthal an-
gle of 2fi so that a greater amount of indirect photons is
detected and better statistics are obtained. The setup
of the extended detector is drawn in Fig. 5, where the
strip of the sphere has a width corresponding to the di-
ameter of the detector. Also, stopping the tracking of all
photons that can no longer be detected further reduces
the simulation time.
This part aims to look at the e ect of changing aerosol
size (via the asymmetry parameter g) on the amount of
indirect light recorded at the detector for an isotropic
source at di erent positions. The integration time of
the detector is set to tdet = 100 ns and the aerosol at-
tenuation length is fixed at  0aer =25 km. The percent-
age of light due to indirect photons against integration
angle ’ is given by the ratio (indirect light) over (di-
rect light + indirect light), where the direct or indirect
light signals are the number of photons collected within
the given integration angle ’. Figure 6(left) shows the
results for an isotropic source placed at a distance of
D = 1 km and at a very low inclination angle of ◊inc = 3¶
(◊inc = sin≠1(hsource/D), where hsource is the height of
the source above ground level). As expected, the amount
of signal due to indirect light increases consistently with
integration angle ’ as all direct light arrived at ’ = 0¶.
These curves are similar to measurements done, for in-
stance, by Bissonnette [25, 26]. A more interesting fea-
ture is the increased contribution from indirect light for
increasing aerosol size (i.e. a higher value of the asym-
metry parameter g). Comparing the situation of an
atmosphere with no aerosols to one with aerosols, at-
mospheric aerosols have a non-negligible e ect on the
percentage of indirect light received at a ground-based
detector. The explanation of this observation lies once
again in the anisotropy associated with the scattering
phase function. The percentage of indirect photons last
scattered at a given distance relative to the detector is
plotted in Fig. 6(right). In the case of an atmosphere
with only molecules, most of scattered photons recorded
within the integration time of 100 ns originate from the
position of the isotropic source. Indeed, there is an in-
creased density of photons at this distance where the
source is initiated. For the case of larger aerosol sizes,
corresponding to larger g values, the peak at the source’s
initial position is now greatly diminished. This is a re-
sult of detection of photons scattered more uniformly
across all distances. This occurs because aerosols with
higher values of g have a higher probability of scattered
Fig. 6. (Color online) Plots for an isotropic source placed at θinc = 3◦, D = 1 km for atmospheres where aerosols
and molecules are simultaneously present. The aerosol concentration and the detection time are kept constant at Λ0aer =
25 km and tdet = 100 ns, respectively. (left) Percentage of signal due to indirect light for different integration angles ζ and
different g values. The black line is an exclusive case where only molecules are present. (right) Percentage of the detected
indirect photons that were last scattered at different distances from the detector for the three same cases.
The symmetry in the distribution of scatterers in az-
imuthal angle, as explained in Section 2.B, is once again
applied here. This symmetry means that so long as
the detector has the same height and distance from the
source, the azimuthal angle relative to it is unimportant.
As such, the surface area of the detector is increased in
t simulation by extending it through an azimuthal n-
gle of 2pi so that a great r amount of indirect photons is
detected and better statistics are obtained. The setup
of the extended detector is drawn in Fig. 5, where the
strip of the sphere has a width corresponding to the di-
ameter of the detector. Also, stopping the tracking of all
photons that can no longer be detected further reduces
the simulation time.
This p rt aims to look at the eff f chang ng aerosol
size (via the asymmetr parameter g) on e am unt of
indirect light recorded at t e detector for isotropic
source at different positions. The integration time of
the detector is set to td t = 100 ns and the aerosol at-
tenuation length is fixed at Λ0aer =25 km. The percent-
age of light due to indirect photons against integration
angle ζ is given by the ratio (indirect light) over (di-
rect light + indirect light), where the direct or indirect
light signals are the number of photons collected within
the given integration angle ζ. Figure 6(left) shows the
results for an isotropic source placed at a distance of
D = 1 km and at a very low inclination angle of θinc = 3◦
(θinc = sin−1(hsource/D), where hsource is the height of
the source above ground level). As expected, the amount
of signal due to indirect light increases consistently with
integration angle ζ as all direct light arrived at ζ = 0◦.
These curves are directly linked to the point spread
function since only a differentiation with respect to ζ is
needed. These curves are similar to me surem nts done,
for instance, by Bissonnette [25, 26]. A more interest-
ing feature is the increased contribution from indirect
light for increasing aerosol size (i.e. a higher value of
the asymmetry parameter g). Comparing the situation
of an atmosphere with no aerosols to one with aerosols,
atmo pheric aerosol have a n n-negligibl effect on the
percentage of indirect light received at a ground-based
detector. The explanation of this observation lies once
again in the anisotropy associated with the scattering
phase function. The percentage of indirect photons last
scattered at a given distance relative to the detector is
plotted in Fig. 6(right). In the case of an atmosphere
with only molecules, most of scattered photons recorded
within the integration time of 100 ns originate from the
position of the isotropic source. Indeed, there is an in-
creased density of photons at this distance where the
source is initiated. For the case of larger aerosol sizes,
corresponding to larger g values, the peak at the source’s
initial position is now greatly diminished. This is a re-
sult of detection of photons scattered more uniformly
across all distances. This occurs because aerosols with
higher values of g have a higher probability of scattered
photons in a very forward direction.
Figure 7(left) displays results of simulations run for
the same geometrical configuration and aerosol param-
eters but different integration times. The distance to
the detector is set to be D = 15 km, inclination angle
θinc = 15◦, g = 0.6 and Λ0aer = 25 km. It is observed
that for an increasing time, the total amount of signal
due to indirect light also increases. For the 900 ns in-
terval between tdet = 100 ns nd tdet = 1000 ns, the
amount of signal due to indi c light increases greatly,
meaning that here are still a l t of indirect photons yet
to arrive after the i t gration time of 100 ns. However,
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Fig. 7. (Color online) Plots to demonstrate the e ect of increasing integration time tdet. The inclination angle
is ◊inc = 15¶ and the distance D = 30 km.  0aer = 25 km and g = 0.6. (left) Percentage of signal due to indirect light
for di erent integration angles ’ and di erent integration times tdet. (right) Percentage of detected indirect photons that have
undergone either 1 or 2 and more scatterings by aerosols or molecules.
photons in a very forward direction.
Figure 7(left) displays results of simulations run for
the same geometrical configuration and aerosol param-
eters but di erent integration times. The distance to
the detector is set to be D = 15 km, inclination angle
◊inc = 15¶, g = 0.6 and  0aer = 25 km. It is observed
that for an increasing time, the total amount of signal
due to indirect light also increases. For the 900 ns in-
terval between tdet = 100 ns and tdet = 1000 ns, the
amount of signal due to indirect light increases greatly,
meaning that there are still a lot of indirect photons yet
to arrive after the integration time of 100 ns. However,
this observation is not true anymore after a large time
delay, typically greater than 4000 ns in our case. The bar
chart displayed in Fig. 7(right) shows the percentage of
detected indirect photons having undergone 1 or 2 and
more scatterings by aerosols or molecules. The most
notable feature of this chart is the increasing amount
of molecularly scattered photons detected for increasing
integration times. As previously explained in Section 4,
aerosols begin to play a lesser role for longer detection
times. This is because photons that were scattered at
positions that are not necessarily close to the path of di-
rect light, now have enough time to travel and reach the
detector within this longer integration time. This idea
is confirmed by an increased uniformity across space in
the distance from the last scattering event for increasing
integration times (plot not shown here).
6. Conclusion
A new Monte Carlo simulation for the scattering of
light has been created and used to observe atmospheric
aerosol e ects on the percentage of indirect light col-
lected by detectors. The study began with a general
description of the dispersion of scattered photons in dif-
ferent atmospheric conditions. It was found that for an
increased value of the asymmetry parameter g (i.e. a
larger aerosol size), a greater accumulation of scattered
photons close to the direct photons is found. The prin-
cipal argument presented in this work is that, even for
a low density of aerosols in the atmosphere, the ratios
of indirect to direct photons detected can be compara-
ble or greater to those caused by molecules. In partic-
ular, the value of detection time tdet is proved to play
an important role on the relative e ects of molecules
and aerosols on the ratio. This phenomenon is also used
to estimate the aerosol size distribution, especially for
very large aerosols. The technique is described in detail
in [27–29].
In addition, this aerosol size e ect could still solve
some unsolved experimental observations as the mea-
surement done at the Pierre Auger Observatory [30, 31]
a few years ago. Indeed, part of the point spread func-
tion measured by ground-based telescopes is still not
fully understood, i.e. cannot be reproduced in simula-
tions [32, 33]. One of possible explanations could be
an additional contribution coming from a population of
large aerosols present in the atmosphere.
Fig. 7. (Color online) Plots to de onstrate the effect of increasing integration time tdet. The inclination angle
is θinc = 15◦ and the distance D = 30 km. Λ0aer = 25 km and g = 0.6. (left) Percentage of signal due to indirect light
for different integration angles ζ and different integration times tdet. (right) Percentage of detected indirect photons that have
undergone either 1 or 2 and more scatterings by aerosols or molecules.
this observation is not true anymore after a large time
delay, typically greater than 4000 ns in our case. The bar
chart displayed in Fig. 7(right) shows the percentage of
detected indirect photons having undergone 1 or 2 and
more scatterings by aerosols or molecules. The most
notable feature of this chart is the increasing amount
of molecularly scattered photons detected for increasing
integration times. As previously explained in Section 4,
aerosols begin to play a lesser role for longer detection
times. This is because photons that were scattered at
positions that are not necessarily close to the path of di-
rect light, now have enough time to travel and reach the
detector within this longer integration time. This idea
is confirmed by an increased uniformity across space in
the distance from the last scattering event for increasing
integration times (plot not shown here).
6. Conclusion
A new Monte Carlo simulation for the scattering of
light has been created and used to observe atmospheric
aerosol effects on the percentage of indirect light col-
lected by detectors. The study began with a general
description of the dispersion of scattered photons in dif-
ferent atmospheric conditions. It was found that for an
increased value of the asymmetry parameter g (i.e. a
larger aerosol size), a greater accumulation of scattered
photons close to the direct photons is found. The prin-
cipal argument presented in this work is that, even for
a low density of aerosols in the atmosphere, the ratios
of indirect to direct photons detected can be compara-
ble or greater to those caused by molecules. In partic-
ular, the value of detection time tdet is proved to play
an important role on the relative effects of molecules
and aerosols on the ratio. This phenomenon is also used
to estimate the aerosol size distribution, especially for
very large aerosols. The technique is described in detail
in [27–29].
In addition, this aerosol size effect could still solve
some unsolved experimental observations as the mea-
surement done at the Pierre Auger Observatory [30, 31]
a few years ago. Indeed, part of the point spread func-
tion measured by ground-based telescopes is still not
fully understood, i.e. cannot be reproduced in simula-
tions [32, 33]. One of possible explanations could be
an additional contribution coming from a population of
large aerosols present in the atmosphere.
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